Intramembrane proteases hydrolyze peptide bonds within cell membranes. Recent crystal structures revealed that rhomboid intramembrane proteases contain a hydrated active site that opens to the outside of the cell, but is protected laterally from membrane lipids by protein segments. Using Escherichia coli rhomboid (GlpG) structures as a guide, we previously took a mutational approach to identify the GlpG gating mechanism that allows substrates to enter the active site laterally from the membrane. Mutations that weaken contacts keeping the gate closed increase enzyme activity and implicate transmembrane segment 5 as the substrate gate. Since these analyses were performed in vitro with pure proteins in detergent micelles, we have now examined GlpG in its natural environment, within the membrane of live E. coli cells. In striking congruity with in vitro analysis, gateopening mutants in transmembrane segment 5 display up to a 10-fold increase in protease activity in living cells. Conversely, mutations in other parts of the protease, including the membrane-inserted L1 loop previously thought to be the gate, decrease enzyme activity. These observations provide evidence for the existence of both closed and open forms of GlpG in cells, and show that inter-conversion between them via substrate gating is rate limiting physiologically.
Introduction
Cleavage of proteins within their membrane-spanning segments has emerged as the regulation point of many cellular processes (Brown et al., 2000; Wolfe and Kopan, 2004; Urban, 2006) . While the spectrum of biological roles that intramembrane proteolysis regulates have become increasingly clear, elucidating the underlying biochemical mechanisms that govern this improbable hydrolytic reaction have seen limited progress until recently.
Three mechanistic classes of enzyme are currently known to catalyze intramembrane proteolysis. Site-2 protease was first to be discovered and is the founding member of a family of metalloproteases conserved from bacteria to humans (Rawson et al., 1997; Akiyama et al., 2004) . Signal peptide peptidase and g-secretase are aspartyl proteases (Wolfe et al., 1999; Weihofen et al., 2002; Fluhrer and Haass, 2007) , while rhomboid enzymes are a family of serine proteases (Urban et al., 2001 (Urban et al., , 2002 . Progress over the past few years has culminated in defined, pure enzyme reconstitution systems with which to study the detailed mechanism of all of three superfamilies of intramembrane proteases (Akiyama et al., 2004; Lemberg et al., 2005; Urban and Wolfe, 2005; Narayanan et al., 2007) . These studies showed that intramembrane proteases function as single subunit enzymes, without the need for protein partners, and activity can be reconstituted from bacterially expressed and purified components. The notable exception to this rule is g-secretase, which functions as a complex comprising at least four subunits (Edbauer et al., 2003; Kimberly et al., 2003; Sato et al., 2007) .
Armed with this advance, crystallization was initiated using the pure and active bacterial preparations. The rhomboid enzyme GlpG from Escherichia coli and its homolog from Hemophilus influenzae were the first intramembrane proteases whose high-resolution structures were solved (Wang et al., 2006; Wu et al., 2006; BenShem et al., 2007; Lemieux et al., 2007) . Remarkably, the resulting structures were revealed in four different space groups and in a variety of detergents, but were highly similar to each other along the length of the enzyme core. This suggested a degree of confidence with respect to the general architecture of the enzyme structure as it exists in its native membrane environment. However, the structures revealed that the active site is contained within a central hydrophilic cavity that opens to the outside, but delimited from membrane lipids by six transmembrane segments and the membrane-submerged L1 loop. The challenge thus moved from structure to function; this architecture immediately posed the question of how gating by rhomboid proteases occurs to facilitate substrate entry into the internal active site.
The first clues about substrate gating came from the crystal structures themselves. The external loop L1 was unexpectedly found to be membrane-submerged, and in this conformation it plugged a gap between transmembrane segments 1 and 3 that could otherwise accommodate a polypeptide chain. This observation led to the hypothesis that displacement of the L1 loop is the gating mechanism ( Figure 1A ) (Wang et al., 2006) . Conversely, comparison of rhomboid in a second crystal form revealed that the L1 loop remains remarkably similar, but transmembrane helix 5 (and the overlying L5 loop) on the opposite face of the enzyme tilts outwards at its top half by approximately 35 degrees ( Figure 1B ) (Wu et al., 2006) . This movement could accommodate insertion of a substrate transmembrane region to allow cleavage within its transmembrane segment. Such tilting by transmembrane helix 5 also displaces loop 5, termed the Cap, which is continuous with helix 5 and shields the active site from above . However, structural inferences face possible artifactual causes because of contacts imposed by crystal packing, as noted previously (Wu et al., 2006; Ha, 2007) .
Ultimately, these different models could be resolved with a structure of an enzyme-substrate complex, but given the difficulty in achieving this complex, other approaches are useful for addressing this problem. Additionally, functional analyses are necessary to delineate the sequence of events in substrate access and subsequent catalysis. We therefore pursued a structure-function analysis of rhomboid to begin addressing these goals, by generating and analyzing defined mutants in the protease. Our rationale was that gate-opening would be a rate-limiting event, and thus mutating some of the many contacts that keep the gate closed might help it to open and thus result in mutant enzymes with enhanced proteolytic activity (Baker et al., 2007) . Isolation of such activating mutants would reveal which region of the protease is responsible for gating. Using an extensive mutagenesis strategy with over 40 rhomboid mutants and a defined substrate that is cleaved at intramembrane sites, we discovered that four different mutations in transmembrane helix 5 increase substrate cleavage by up to 10-fold in vitro, while 18 different mutations in the L1 loop all decreased activity (Baker et al., 2007) . These in vitro perturbations strongly suggested that substrate gating is accomplished by movement of transmembrane segment 5 and the overlying Cap, and that this conformation change is a major rate-limiting step in intramembrane proteolysis.
One limitation of these studies was the fact that rhomboid enzymes were analyzed in an artificial environment, as pure proteins in detergent micelles in vitro. This made it difficult to understand whether the effects of the mutations, although clear in terms of their implications on the biophysical mechanism, were directly relevant to the function of these enzymes in their natural environment, within the membranes of living cells. We sought to address this directly by examining the proteolytic activity of GlpG mutants on a Drosophila Spitz-based substrate that is cleaved by GlpG when co-expressed and targeted to the inner membrane of living E. coli cells (Urban and Freeman, 2003; Urban and Wolfe, 2005) . The resulting experiments confirm previous conclusions based on in vitro work, and further indicate that gating is rate limiting during intramembrane proteolysis in cells.
Results

Analysis of GlpG activity in vivo
To analyze GlpG protease activity in E. coli cells, we targeted a Drosophila Spitz substrate to the inner membrane of E. coli (Urban and Wolfe, 2005) , because the natural substrate for GlpG has not yet been identified (Maegawa et al., 2005; Clemmer et al., 2006) . This construct contained the PelB leader peptide to facilitate signal-dependent insertion into the membrane, followed by GFP, Spitz lacking its N-terminal EGF domain (because disulfide bridges are often not faithfully reproduced in bacteria), and a single Flag tag for detection (Urban and Wolfe, 2005) . GlpG and the GFP-Spitz-Flag substrate were co-expressed from two different low-copy number plasmids, which were maintained by double antibiotic selection. Cultures were grown to early-log phase, induced to co-express GlpG and the Spitz substrate, and cells were harvested and lysed in denaturing Laemmli buffer hourly from 0 to 6 h post-induction. The serine-toalanine GlpG mutant S201A served as a negative control for assessing substrate processing. Co-expression of wildtype GlpG, but not the S201A GlpG mutant, resulted in GFP-Spitz-Flag substrate cleavage in a time-dependent manner, as assessed by anti-Flag Western blot analysis of bacterial cells (Figure 2A ). This observation confirmed that this system was applicable for monitoring GlpG protease activity specifically in vivo in E. coli cells. 
Transmembrane segment 5 mutants enhance proteolytic activity in vivo
To identify the region of rhomboid proteases that functions as a substrate gate, we previously mutated interactions in different parts of GlpG and analyzed the effect on intramembrane proteolytic activity (Baker et al., 2007) . Transmembrane segment 5 interacts with its neighboring transmembrane segment 2 via a series of large hydrophobic residue side chains that interdigitate in the closed form of the enzyme ( Figure 2B ). Mutation of the helical face of transmembrane segment 5 that is involved in this interaction to valine increased activity 4-fold in vitro, while mutating pairs of residues that interact across helices 2 and 5 resulted in a 10-fold increase in activity for the upper F153AqW236A pair, and a 7-fold increase for the middle W157AqF232A pair (Baker et al., 2007) . However, whether similar activating effects would occur in the membranes of living cells remained unclear.
We thus examined the activity of these activating mutants in vivo relative to the wildtype enzyme and discovered that the triple valine helix 5 mutant indeed displayed increased activity, while the F153AqW236A double mutant dramatically increased cleavage of the Spitz substrate in E. coli cells ( Figure 2C ). This mutant had the most profound increase in activity in vivo that was pronounced even under shorter induction times (Figure 2D) . We also quantified the relative increase caused by these mutants by quantitative Western blot analysis using infrared fluorescence (Figure 3 ). The triple valine mutant increased activity ;3.3-fold, while the F153AqW236A mutant increased substrate cleavage by ;11-fold in cells. The W157AqF232A double mutant had a weaker and more variable effect, producing up to an approximately 2.5-fold increase in enzyme activity in vivo, whereas it displays an approximate 7-fold increase Western blot analysis of GlpG expression and activity against Spitz in transfected COS cells. The top panel shows accumulation of cleaved GFP-Spitz as a secreted product in cell culture media, as detected by anti-GFP. Note that while wildtype GlpG did not produce a cleaved GFP-Spitz product above background, the cleaved product can be detected in the media fraction with all three GlpG mutants. The positive control, Drosophila rhomboid-1 (DmR1), displayed strong activity against Spitz. The middle panel represents GFP-Spitz in transfected cells, with the upper band being uncleaved GFP-Spitz, and the lower band representing cleaved GFP-Spitz prior to being secreted. The arrowhead indicates the barely detectable GFP-Spitz cleavage band produced by wildtype GlpG. Note that all three GlpG mutants increase the amount of cleaved Spitz in the cell lysates. The lower panel depicts expression levels of each rhomboid, all of which were tagged with a triple hemagglutinin tag and detected by anti-HA Western blotting. Note that only 1/4 of the DmR1 cell lysate volume was loaded compared to the GlpG lysates, since its expression was already so much greater than that of GlpG proteins. The W157AqF232A GlpG mutant was expressed at a higher level than other GlpG proteins. The location of protein mass standards (in kDa) are depicted on the left. in activity in vitro. Collectively, mutations within transmembrane segment 5 have a dramatic activating effect on the protease activity of GlpG in vivo in living E. coli cells, similar to their effect in vitro in the reconstitution assay (Baker et al., 2007) .
Substrate-gating GlpG mutants also display increased activity in mammalian cells
In addition to analysis in E. coli cells, rhomboid activity can also be monitored in transfected mammalian cells. Although this is not the native environment for GlpG, the activity of many rhomboid proteases across evolution has been studied in this heterologous assay. To examine the effect of substrate gating mutants in a second biological context, we examined GlpG activity against Spitz in transfected COS cells. We previously found that wildtype GlpG displays very weak activity in this assay (Urban et al., 2002) ; a cleaved Spitz band can barely be detected in transfected cells early in the transfection cycle, and unlike for other rhomboid enzymes, no cleaved Spitz could be detected as a secreted product in the cell culture media.
We co-transfected hemagglutinin-tagged wildtype, L229VqF232VqW236V, F153AqW236A, and W157Aq F232A mutant GlpG enzymes in parallel with Drosophila rhomboid-1 and monitored Spitz cleavage in COS cells. Wildtype GlpG was expressed at a very low level compared to Drosophila rhomboid-1, and Spitz cleavage could barely be detected in cell lysates with wildtype GlpG, and failed to be detected as a secreted product in cell culture media (Figure 4 ). However, all three different substrate-gating GlpG mutants displayed increased activity in transfected COS cells, resulting in much higher levels of Spitz cleavage in cell lysates relative to wildtype GlpG, and even detection of cleaved Spitz as a secreted product in media. As in E. coli and in vitro, the F153AqW236A mutant displayed the greatest increase in activity. These experiments further confirm that substrate-gating mutants of GlpG display dramatically increased activity in an independent cellular assay and in a different (eukaryotic) membrane environment.
Mutations within the L1 loop impair proteolytic activity in vivo
We next examined the effect of mutations within the L1 loop, which had originally been proposed to be the substrate gate (Wang et al., 2006) . For the L1 loop to function as the substrate gate, it would have to be displaced from its membrane-submerged conformation. To facilitate this displacement, we mutated the hydrophobic underside of the loop that would be expected to contact lipid tails ( Figure 5A ) to serine, a non-charged but hydrophilic side chain. The resulting mutants Y138S, F139S and L143S all decreased GlpG activity in vivo in E. coli cells relative to the wildtype enzyme ( Figure 5B ). Introducing charged residues like Y138D, which should destabilize the membrane-inserted conformation of the L1 loop further, strongly hindered activity, as did combining the serine mutations in double or triple mutants ( Figure 5B ).
The L1 loop also contains a conserved WR motif that had long been mysterious in its function (Urban et al., 2001) . Structural analysis revealed that R137 lies on the membrane-submerged half of the loop, and its side chain reaches up to make five hydrogen bonds, thus stabilizing the sideways hairpin-like, membrane-submerged structure of the loop ( Figure 5C ) (Wang et al., 2006) . Accordingly, mutation of R137 to alanine nearly abolished proteolytic activity in vivo, while W136A only decreased activity ;2-fold ( Figure 5D ). The effect of the W136A mutant was more pronounced in vivo than in vitro, where it has no or little effect (Baker et al., 2007) . Collectively, these observations indicate that the membrane-submerged conformation of the L1 loop is important for enzyme stability and inconsistent with it serving a mobile gating function. Western blot analysis of cultures expressing wildtype and L1 loop mutant GlpG enzymes with the Spitz substrate. Anti-Flag was used to reveal the Spitz substrate, while GlpG protease expression levels were monitored using anti-GST. The black arrowhead denotes the cleavage product. Note that all L1 loop mutants decrease GlpG protease activity. (C) Lateral view of the GlpG structure (PDB N2RF) highlighting the W136 and R137 residue pair (in black) within the L1 loop. (D) Western blot analysis of cultures coexpressing wildtype versus W136A or R137A mutant GlpG with the Spitz substrate. Note that the R137A mutation strongly decreased GlpG protease activity. In panels (B) and (D), UN and SA denote uninduced wild-type and S201A-expressing cultures, respectively, and positions of protein mass standards (in kDa) are depicted on the left.
Active site mutations abrogate proteolytic activity in vivo
We also used the in vivo assay to examine the effect of mutants in other regions of the enzyme. The inner cavity of rhomboid enzymes is lined with conserved hydrophilic residues ( Figure 6A ), the function of most of which remain unclear (Lemberg et al., 2005; Wang et al., 2006; Baker et al., 2007) . We mutated a number of these residues and examined the effect on proteolytic activity of the E. coli GlpG enzyme in E. coli cells, its natural environment. Mutating G199, which lies just above the active serine, to alanine nearly abolished activity, while mutating tyrosine 205, which stabilizes the active site histidine by base stacking, greatly reduced activity ( Figure 6B ). Rhomboid enzymes contain a conserved HxxxxHxxxN motif that spans the end of loop 1 and beginning of transmembrane helix 2. The function of these residues is unknown but may involve stabilizing the oxyanion reaction intermediate. We found that mutating any of these residues individually to alanine greatly reduced GlpG activity in E. coli cells ( Figure 6C ). These effects are similar to those observed in vitro (Baker et al., 2007) , as well as when these conserved residues were mutated in Drosophila rhomboid-1 (Urban et al., 2001 ), the prototype rhomboid enzyme, and assayed in transfected mammalian cells. While these observations reinforce the functional importance of these residues for proteolytic activity, they do not provide further clues regarding their detailed roles.
Analysis of single and combined activating mutants in vivo
Transmembrane helix 5 is connected to loop 5 (termed the Cap), which covers the active site cavity from the top in the closed conformation of the enzyme, with two methionines inserting directly near the active serine and phenylalanine 245 just above helix 5 bending back to contribute to closing further the region above helices 5 and 2 ( Figure 7A ) . The Cap is moved by tilting away of transmembrane helix 5 to allow substrate access. But it is not clear how much contribution each residue of this region makes to opening the gate. We addressed this issue by mutating F245 of the Cap, F153 of helix 2, and W236 of helix 5 singly and assessing the effect on proteolytic activity of the mutant enzymes in cells using quantitative infrared fluorescence Western analysis.
Mutating F245 to alanine resulted in a small increase in proteolytic activity that varied between no stimulation to less than a 2-fold stimulation ( Figures 7B and 8) . Mutating F153 on helix 2 alone to alanine also had a mild stimulatory effect of up to 2-fold. In contrast, mutating W236 on helix 5 alone to alanine dramatically increased GlpG activity by approximately 6-fold. This is the strongest stimulation observed with any single residue mutation ( Figures 7B and 8) .
To address this issue further, we examined the effect of pairwise combinations of W236A, F245A and F153A on proteolytic activity in vivo. Combining W236A and F153A resulted in an enzyme with approximately 11-fold higher activity than the wildtype and approximately 2-fold higher activity than W236A alone ( Figures 7C and 8) . Conversely, combining F245A with W236A actually decreased activity slightly compared to W236A alone ( Figures 7B and 8) , while combining the F245A mutation with F153A resulted in an additive increase of enzyme activity up to approximately 2.4-fold that of wildtype GlpG ( Figures 7B and 8) . Finally, combining F245A with the double F153AqW236A mutant in a triple mutant resulted in no further stimulation of activity in cells com- pared to the F153AqW236A double mutant (Figures 7D  and 8 ). These single and combined mutant analyses suggest that residue W236 on transmembrane helix 5 has the strongest effect on increasing proteolytic activity in vivo. Moreover, only the W236A and F153A mutations had a synergistic effect on activity.
One intriguing observation is the apparent importance of the loop 5 Cap. The Cap covers the hydrophilic active site cavity from above in the closed conformation of the enzyme. Although the importance of the open, Cap-displaced conformation is obvious, the closed conformation may also be important, since mutating the Cap residues to polyglycine (thus maintaining loop length but removing side chains) abolished any detectable GlpG protease activity in cells ( Figure 7E ). It should be noted that we cannot exclude the possibility that this mutant affects the folding of the enzyme rather than its function specifically, although the mutant protein was expressed well in cells ( Figure 7E ). This is also consistent with no detectable activity of this mutant in vitro (Baker et al., 2007) and now implies that the closed form of the enzyme is also important for function in cells.
Discussion
Determining the effects of defined mutants on enzyme activity in vitro has served as a useful approach towards interpreting the mechanistic function of rhomboid proteases in the context of the wealth of recent structural information (Lemberg et al., 2005; Wang et al., 2006 Wu et al., 2006; Baker et al., 2007; Ben-Shem et al., 2007; Lemieux et al., 2007; Maegawa et al., 2007) . These analyses have highlighted both residues and interactions that are required for catalysis, as well as a new class of mutants that dramatically increase enzymatic activity (Baker et al., 2007) . These in vitro perturbations aided in identifying the gating mechanism of rhomboid enzymes, but the possible effects of the activating mutants in vivo in their natural environment have not been explored. We examined the enzymatic activity of engineered variants of the GlpG rhomboid protease within the inner membrane of living E. coli cells.
Interestingly, both compromising and activating mutants displayed similar effects in vivo in bacterial membranes as they had in vitro in pure form within detergent micelles (Baker et al., 2007) , with two possible exceptions. First, transmembrane helix 5 mutants located deeper within the membrane had milder effects in vivo than in vitro. Specifically, while the paired helix 2-helix 5 mutant W157A-F232A resulted in a strong, approximately 7-fold increase in enzyme activity in vitro (Baker et al., 2007) , its stimulation in vivo was only approximately 2-fold. This discrepancy could be due to the lateral pressure applied on proteins by the membrane (van den Brink-van der Laan et al., 2004) , which would push helix 5 into its closed conformation. Mutants within the middle portions of helix 5 might be less effective in counteracting this pressure, which is not present in detergent micelles.
Secondly, while mutating the tryptophan of the conserved WR motif in the L1 loop resulted in no decrease of activity in vitro (Baker et al., 2007) , in cells this W136A mutant displayed a decrease in activity. This might again reflect the difference between a membrane and detergent environment: the neighboring W136 possibly shields the side chain of R137 from membrane lipid in the lipid-submerged conformation (Wang et al., 2006) . As such, its mutation would have a more drastic effect in a membrane context where this shielding from lipid might be more important, in contrast to the situation in detergent micelles. Mutating R137 itself to alanine resulted in virtually no enzyme activity both in vitro and in vivo (Baker et al., 2007; . This effect is also consistent with mutations analyzed in Drosophila rhomboid-1 and human RHBDL2 in transfected mammalian cells (Urban et al., 2001) , and YqgP in detergent (Lemberg et al., 2005) , where the arginine was shown to have a critical role in catalysis for all three enzymes.
Importantly, observing activity-enhancing effects of helix 5 mutants in vivo provides the first evidence for the existence of both the closed and open conformations of and Cap mutations on GlpG activity. Levels of cleaved Spitz generated by wildtype and mutant GlpG proteases at both 4 and 6 h time points (see Figure 7 ) was quantified using infrared fluorescence Western blot analysis. Levels are relative to wildtype GlpG, which was arbitrarily set to 1. A standard curve revealed linearity in the analysis range with R 2 s0.992. Error bars show standard deviations.
GlpG in biological membranes of living cells. Moreover, the stimulating nature of helix 5 mutants implies that switching between these two states through gate opening is likely to be rate limiting during intramembrane proteolysis in cellular membranes. In addition to this insight, being able to examine rhomboid activity in vivo via gating mutants described here should also provide new tools towards further assessing the detailed mechanism of rhomboid proteases in a physiological context.
While it is not clear whether other intramembrane proteases use similar gating mechanisms, the recently solved structure of an Archaeal site-2 protease homolog also revealed two different conformations that could correspond to gate-closed and gate-open forms . The resulting gating model involves more extensive conformation changes of transmembrane helices 1 and 6 to produce an open crevice that could allow substrate to pass between them. But the basic principles may actually be similar (Urban and Shi, 2008) ; gating was also proposed to involve unzippering of interdigitating hydrophobic residues on helices 1 and 6. Moreover, these regions of the protease also do not contain wellconserved sequence elements among the other site-2 proteases , which is similar to the lack of sequence conservation in transmembrane helix 5 and Cap of rhomboid proteases (Koonin et al., 2003; Lemberg and Freeman, 2007) . Despite these tempting observations, it must be stressed that these possible similarities in site-2 protease gating are speculative, and await further structural and enzymatic analysis. In particular, interrogating site-2 protease gating models using the activity-enhancing mutant strategy developed for rhomboid proteases both in vitro and now in vivo may be a useful approach towards delineating the molecular mechanism of substrate gating in an unrelated intramembrane protease.
Materials and methods
Plasmid constructs
All GlpG rhomboid genes were cloned as full-length open reading frames into the pGEX-6P-1 vector (GE Healthcare, Uppsala, Sweden) to provide an N-terminal GST tag, expression from the ptac promoter, and ampicillin resistance, as described previously ( Urban and Wolfe, 2005) . The GFP-Spitz substrate gene was cloned into the pET27b(q) vector (Novagen, Madison, WI, USA) to provide an N-terminal PelB leader peptide, expression from the T7 promoter and kanamycin resistance. The PelB-GFPSpitz-Flag substrate contained Spitz from residue D119 to its natural end, as described previously (Urban and Wolfe, 2005) .
Mutations were introduced into GlpG using Quik-Change and Multi-Site Quik-Change Mutagenesis methods (Stratagene, Cedar Creek, TX, USA), and the constructs were verified by sequencing the entire GlpG open reading frame.
Bacterial culture
Expression plasmids were transformed into C43 (DE3) competent cells, and liquid cultures were grown shaking at 378C, 250 rpm under double selection in Lauria Bertani broth supplemented with 100 mg/ml ampicillin and 50 mg/ml kanamycin. The cultures were grown to an OD 600 of approximately 0.7, and coexpression of substrate and GlpG was induced with 250 mM isopropyl-1-thio-b-D-galactopyranoside. Cultures were shifted to 278C upon induction, and cells were harvested and lysed in denaturing and reducing Laemmli buffer either immediately prior to induction, or 1 h, 2 h, 4 h and 6 h following induction.
Mammalian cell transfection
Mammalian cells were grown and transfected as described in detail previously . Briefly, COS cells grown in 6-well plates were transfected using FuGene6 (Roche, Basel, Switzerland) with pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) plasmids driving expression from the pCMV promoter of GFPSpitz, Star (transport factor for Spitz) and triple HA-tagged rhomboid-1, or triple HA-tagged wildtype or mutant GlpG. At 18 h post-transfection, cells were washed and incubated in serum-free media containing metalloprotease inhibitors (to decrease cellular cleavage of GFP-Spitz). Later (24 h), cell and media samples were harvested in denaturing and reducing Laemmli buffer and subjected to Western blot analysis.
Western blot analysis
Cell lysates were loaded on 4-20% polyacrylamide gradient Tris-glycine sodium dodecyl sulfate gels (Invitrogen), electrotransferred to nitrocellulose, and probed with anti-GST, antiFlag, anti-GFP or anti-HA antibodies. Benchmark (Invitrogen) prestained protein markers were used as mass standards. The resulting immunocomplexes were revealed by enhanced chemiluminescence (GE Healthcare) and imaged with film. For quantitative Western analysis, membranes were probed with secondary antibodies conjugated to infrared IRDye800, developed with a LiCor Odyssey scanner, and quantified using Odyssey software (LiCor, Lincoln, NE, USA). A standard curve revealed linearity in the analysis range with R 2 s0.99.
Structural analysis
All structure images were analyzed and prepared with MacPymol (De Lano Scientific, Palo Alto, CA, USA), using published N2RF co-ordinates for the GlpG open form (Wu et al., 2006) , and 2IC8 for the GlpG closed form (Wang et al., 2006) .
